Young-onset breast cancer shows certain phenotypic and etiologic differences from older-onset breast cancer and may be influenced by some distinct genetic variants. Few genetic studies of breast cancer have targeted young women and no studies have examined whether maternal variants influence disease in their adult daughters through prenatal effects. We conducted a family-based, genome-wide association study of young-onset breast cancer (age at diagnosis o50 years). A total of 602 188 single-nucleotide polymorphisms (SNPs) were genotyped for 1279 non-Hispanic white cases and their parents or sisters. We used likelihood-based log-linear models to test for transmission asymmetry within families and for maternally mediated genetic effects. Three autosomal SNPs (rs28373882, P = 2.8 × 10 − 7 ; rs879162, P = 9.2 × 10 − 7 ; rs12606061, P = 9.1 × 10 − 7 ) were associated with risk of young-onset breast cancer at a false-discovery rate below 0.20. None of these loci has been previously linked with young-onset or overall breast cancer risk, and their functional roles are unknown. There was no evidence of maternally mediated, X-linked, or mitochondrial genetic effects, and no notable findings within cancer subcategories defined by menopausal status, estrogen receptor status, or by tumor invasiveness. Further investigations are needed to explore other potential genetic, epigenetic, or epistatic mechanisms and to confirm the association between these three novel loci and youngonset breast cancer.
INTRODUCTION
Based on recurrence risk within families, genetic factors likely have a substantial role in the etiology of young-onset breast cancer. Compared with women with no first-degree relatives with breast cancer, those with at least one affected first-degree relative are approximately three times as likely to develop the disease in their thirties, and twice as likely to develop the disease in their forties. 1 Further, heritability is thought to be higher for young-onset breast cancer than for later-onset breast cancer, 2 and previous studies have demonstrated that younger age at diagnosis is associated with an increased probability of having a co-twin 2 or a grandmother with breast cancer. 3 Mutations in genes such as BRCA1, BRCA2, CHEK2, and ATM are more common in young-onset cases, 4 ,5 but such variants are rare and do not fully explain the disease's high heritability. 6 Genetic factors may also have a role in determining the pathologic characteristics of young-onset tumors, which tend to be more aggressive and less amenable to treatment than tumors found in older women. 7, 8 To date, only two genome-wide association studies (GWAS) have specifically examined single-nucleotide polymorphisms (SNPs) for associations with young-onset breast cancer. 9, 10 The first of these investigations-a pilot study of 60 participants aged o45 years-did not identify any SNPs that met the Bonferroni criterion for genomewide significance (Po5 × 10 − 8 ). 10 In a larger (6993 cases, 8177 controls) and more recent study of breast cancer in women aged 51 or younger, Ahsan et al. 9 reported genome-wide significant associations for 18 SNPs. All 18 were located near SNPs that had been previously identified as susceptibility variants for breast cancer across a broader age range. Given the paucity of GWAS of young-onset breast cancer, it is not yet possible to conduct pooled, consortia-based analyses at a size comparable to some of the recent breast cancer GWAS (for example, Michailidou et al. 11 or Garcia-Closas et al. 12 ).
Maternal genetic factors that influence the prenatal environment could influence the risk of young-onset breast cancer in adult daughters. We know, for example, that high birth weight is a risk factor for young-onset breast cancer. [13] [14] [15] Therefore, variants that affect a child's in utero development could be related to that child's breast cancer risk later in life. Other prenatal exposures have been linked to decreased risk of breast cancer at any age, including being born to a mother with preeclampsia and being a twin. 15 In addition, we previously found that family history of breast cancer in the grandmothers of affected women is skewed toward the maternal side, with the strongest asymmetry seen when the granddaughter was diagnosed between ages 45 and 54. 3 Studies of maternally mediated genetic effects require a family-based design, and we know of no existing GWAS of this nature for breast cancer.
In an effort to identify variants associated with young-onset breast cancer, we conducted a family-based GWAS. We used an augmented case-parent triad design and examined the association between breast cancer diagnosed before the age of 50 and each of 602 188 SNPs. The investigation included three separate sets of genetic association tests. We first examined the influence of genetic variants carried by the affected daughter (inherited effects). Next, we examined the influence of the mother's genotype on the daughter's disease risk (maternally mediated effects). Both of these analyses included 588 961 autosomal SNPs and 13 179 X-chromosome SNPs. At last, we examined the influence of 48 mitochondrial polymorphisms on the risk of youngonset breast cancer.
METHODS

Study participants
Cases were participants in The Sister Study (2003) (2004) (2005) (2006) (2007) (2008) (2009) or The Two Sister Study (2008) (2009) (2010) ) who were diagnosed with either ductal carcinoma in situ or invasive breast cancer before the age of 50 and who provided blood or saliva samples for genotyping. All participants provided written consent. The National Institute of Environmental Health Science's Internal Review Board and the Copernicus Group IRB approved both studies.
The Sister Study is a prospective cohort of 50 884 women from the United States and Puerto Rico who, at the time of enrollment, were between the ages of 35 and 74 and had a sister who had been diagnosed with breast cancer, but had not had breast cancer themselves. During follow-up, 235 Sister Study participants developed young-onset breast cancer.
For the Two Sister Study, we identified Sister Study participants who had told us in their baseline interviews that they had a sister who had been diagnosed with breast cancer within the last 4 years and before the age of 50. These unaffected Sister Study participants (n = 1669) and their case sisters (n = 1422) were all recruited into the Two Sister Study. Young-onset cases who consented to participate in the Two Sister Study or Sister Study were asked to forward our recruitment letter to any living parents, asking for their participation in a genetic study. The participating Two Sister Study cases and all consenting parents provided a saliva sample using the Oragene DNA selfcollection kit. If the mother was unavailable, we genotyped the unaffected sister, who had already provided a blood sample when she enrolled in the Sister Study. In total, 3342 individuals were genotyped.
Genotyping analysis
DNA was extracted from saliva (80%), whole blood (19%), or blood clot (1%) and genotyped in 96-well plate batches at the Center for Inherited Disease Research at the Johns Hopkins University. Members of the same family were included on the same plate. For quality-control purposes, each plate also included at least one HapMap control sample (n = 76 total) and at least one study duplicate (n = 74 total).
Samples were genotyped using the Illumina HumanOmniExpress plusExome-8v1-2 array. This array includes a total of 960 697 SNPs, of which 244 707 (25%) are located in exomes. In total, 937 879 were autosomal, 22 600 were located on the X-chromosome, and 218 were mitochondrial. We uploaded all of the genotype data to dbGaP, where it is now publically available (study accession number: phs000678.v1.p1; http://www.ncbi.nlm.nih. gov/projects/gap/cgi-bin/study.cgi?study_id = phs000678.v1.p1). Quality control was carried out with the assistance of the Genetics Coordinating Center at the University of Washington.
Autosomal and X-chromosome SNPs were excluded from the GWAS for the following reasons: positional duplicates (n = 19 948); technical filters (n = 11 973); missing call rate of 2% or greater (n = 6902); five or more Mendelian errors detected within trios or duos (n = 4254); Hardy-Weinberg equilibrium P-value o1 × 10 − 6 (n = 216) based on unrelated, non-Hispanic, white controls; two or more discordant calls among the 74 study duplicates (n = 59); minor allele frequency o5% (n = 314 987). Some additional subjectspecific SNP exclusions were made based on evidence of chromosomal anomalies. After the quality-control filtering, 588 961 autosomal SNPs and 13 179 X-chromosome SNPs remained for analyses. We retained 48 of 218 genotyped mitochondrial SNPs, keeping only those variants for which there were at least 10 informative families (ie, where the mother's or daughter's genotype differed from the father's).
We excluded 11 half-sister controls who were identified as not genetically full sisters via relatedness assessment. No additional exclusions were made based on missing call rates, as all individuals had o2% missing data. The final sample included 3331 individuals (1447 cases) from 1477 families, but because parental missingness patterns differed by race/ethnicity, we limited our analyses to nonHispanic whites. Descriptive information about the family structures for these 1296 families is included as Table 1 .
We used imputed genotypes to conduct fine-mapping analyses of identified susceptibility regions. This included SNPs within 20 000 base pairs of the initial hit that had imputation probabilities 495% and missing rates o5%. Prephasing and imputation were done using SHAPEIT (v2) 16 and IMPUTE (v2), 17 utilizing sequencing data from the 1000 genomes project. 18 All position numbers are based on genomic reference sequence hg19.
Covariate definitions
Two Sister Study and Sister Study participants were administered the same computer-assisted telephone interview, which included questions about race, menopausal status, and a number of known or potentially breast cancer-related covariates. Women with breast cancer were asked to provide additional information about their diagnosis and for permission to access their medical records. We abstracted data on disease stage and estrogen receptor (ER) status from medical records, if available (82%), but relied on self-reported data if not. Women without data on ER status but who had been prescribed tamoxifen were presumed to be ER positive (n = 2).
Although we did not directly genotype BRCA1 or BRCA2, we asked participants to report whether they had been tested for those mutations, and if so, what the results of those tests were. If an unaffected sister reported that she had a BRCA1 or BRCA2 mutation, we assumed that the affected sister did as well, unless the case had been specifically tested and found to be negative. If sisters reported discrepant races (n = 16), we assigned the family to the racial category identified by the affected sister.
Statistical analysis
For the analysis of inherited effects, we used log-linear likelihood-based methods to test for transmission distortion within families. 19, 20 In brief, these methods are not vulnerable to bias due to genetic population stratification and assume that if a particular SNP is associated with disease risk, then the relative frequency of the allele in affected offspring will deviate from the allele frequency expected under Mendelian inheritance. We did not assume Hardy-Weinberg equilibrium. Given complete triad data, expected frequencies follow a multinomial distribution with 15 possible outcomes and six specific mating types. Relative risks (RR) for the effect of inheriting the variant allele (relative to no copies) are estimated using Poisson regression, and P-values are calculated with a likelihood ratio test (χ 2 distribution) comparing models with and without the genotype indicator variable(s). If either or both parents are unavailable, sibling genotype data are informative through use of the expectation-maximization algorithm to manage missing data. 21, 22 We also employed extensions to the loglikelihood models to allow for the inclusion of case-parent dyads, case-sibling pairs, or singletons. 22 To test for maternally mediated effects, we used additional extensions developed by Weinberg et al. 19 and Wilcox et al. 20 Here, maternal effects are assessed using the same mating type parameters and Poisson regression analysis as the inherited effects design, but with the addition of indicator variables for the mother's genotype status. In these models we controlled for the daughter's genotype.
When assessing inherited and maternally mediated genetic effects, we included analyses of X-chromosome SNPs using the parent-informed likelihood ratio test for the X-chromosome. 23 This method uses information about the parental genotype and sex of the offspring to augment power.
Because daughters always inherit mitochondrial DNA from their mothers, we examined inherited mitochondrial SNP effects by calculating Z-scores for a matched-pair comparison of mothers versus fathers. If the mother was not genotyped, we imputed her genotype based on her daughter's.
Although these and other family-based methods inherently resist bias due to population stratification, this robustness may be violated if missingness itself (eg, being an unavailable father) depends on the missing genotype, conditional on the observed genotypes for the family. Based on evidence that parental missingness did vary by race in our study sample, we conducted race-specific analyses and focused on the results from non-Hispanic white families, as these comprised the largest subgroup.
We estimated RRs and association P-values for each SNP individually, assuming a log-additive genetic model. The minor allele in non-Hispanic whites was used as the index allele. We adjusted for multiple comparisons using a false-discovery rate (FDR) correction. 24, 25 This was done separately for tests of inherited variants, maternally mediated effects, and mitochondrial effects. Analyses of all autosomal SNPs were conducted using LEM software (http:// members.home.nl/jeroenvermunt/#Software). X-chromosome assessments were done using the 'PIX-LRT' package in R (http://www.niehs.nih.gov/ research/resources/software/biostatistics/pixlrt/index.cfm). 23 For both inherited and maternally mediated effects, we conducted sensitivity analyses to examine whether the strength of the association changed when we restricted the analysis to families where the case sister had a specific subphenotype. Restrictive categories included were invasive breast cancer, ERpositive breast cancer, and premenopausal breast cancer. Owing to sample size concerns, we did not consider the less-common complementary categories (eg, ER-negative breast cancer). We also carried out a sensitivity analysis that excluded families known to carry BRCA1 or BRCA2 risk-related mutations (n = 101 non-Hispanic, white families), reasoning that those effects could tend to overwhelm a lesser signal. When needed, we examined linkage disequilibrium (LD) patterns among the top-ranked SNPs using r 2 values calculated using the 1000 genomes CEU population. 18,26 Table 2 describes the women included in this GWAS. Most were nonHispanic whites and most cases were diagnosed in their forties. The percentage of cases with ER-positive, invasive, and premenopausal breast cancer was 80, 83, and 93%, respectively.
RESULTS
Results from our primary GWAS of inherited genetic effects among non-Hispanic whites are shown in Table 3 and Figure 1 . We identified 30 320 SNPs with Po0.05, close to the number that would be expected by chance under a global null. None exceeded the cutpoint for genome-wide significance based on a Bonferroni corrected two-sided P-value for 602 140 tests (8.2 × 10 − 8 ), but three had a FDR value o0.20. These were rs28373882:T4C (hg19.chr4:g.68167336: T4C; RR = 1.68, 95% CI: 1.36, 2.05; P = 2.8 × 10 − 7 ), rs879162:T4C (hg19.chr16:g.26501018:T4C; RR = 1.50, 95% CI: 1.27, 1.76; P = 9.2 × 10 − 7 ) and rs12606061:C4T (hg19.chr18:g.30843416:C4T; RR = 0.63, 95% CI: 0.52, 0.76; P = 9.1 × 10 − 7 ). In fine-mapping analyses of these three loci, we found that rs879162:T4C and rs12606061:C4T had the strongest associations with young-onset breast cancer within their identified regions (±20 000 base pairs), but an imputed SNP 10,738 base pairs away from rs28373882:T4C 
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had a slightly stronger association (rs17767510:G4C, P = 1.5 × 10 − 7 ) (Figure 2 ). These two SNPs are highly correlated with one another in our sample (r 2 = 0.88). Although they did not meet our strict significance cut-points, three additional SNPs that were ranked in the top 20 were located in or near the TOX3 gene on chromosome 16 (rs4784227:C4T, rs4784220: T4C, and rs3803662:G4A). Two of these, rs4784227:C4T and rs3803662:G4A, are in high LD in the 1000 genomes CEU sample (r 2 = 0.83). Two of the other top 20 SNPs, rs6572349:C4T and rs7155927:A4G on chromosome 14, were perfectly correlated (r 2 = 1.00). None of the X-chromosome SNPs was ranked in the top 20.
Restricting the sample to families where the case had ER+, invasive, or premenopausal breast cancer did not reveal any additional noteworthy inherited SNPs (Supplementary Tables 1-3 and Supplementary Figures 1-3) . However, in analyses that excluded families known to have at least one BRCA1-or BRCA2-positive individual (Supplementary Table 4 and Supplementary Figure 4) , rs28373882:T4C (4q; P = 7.7 × 10 − 8 , FDR = 0.05), rs4784227:C4T (TOX3; P = 6.3 × 10 − 7 , FDR= 0.16) and rs879162:T4C For our GWAS analysis of maternally mediated effects, we identified 29 636 SNPs with Po0.05 (Table 4, Figure 3 ). None of these met the criterion for genome-wide significance for a FDR of 0.20. The two highest ranked SNPs (rs12919267:C4T and rs12926526:A4G, with P-values of 5.1 × 10 − 6 and 7.3 × 10 − 6 , respectively) are both located in RBFOX1 (r 2 = 0.87 in the 1000 genomes CEU sample). Other top 20 ranked SNPs included four SNPs in or near the VEGFC gene (rs475106:G4A, rs10012721:G4T, rs4557213:A4G, and rs11131764:T4C), three SNPs in or near OR6C2 (rs6581029: A4G, rs74873135:T4C, and rs7952853:G4T), and two SNPs each in GRHL1 and NPAS3. Of these, the four VEGFC SNPS were all in high LD in the 1000 genomes CEU sample (r 2 ≥ 0.90), as were the two GRHL1 SNPs (r 2 = 1.00), with slightly lower LD seen for rs7487315: T4C and rs7952853:G4T (r 2 = 0.81), and the two NPAS3 SNPs (r 2 = 0.71). One X-chromosome SNP, rs6418889:T4C, was in the top 20 in the maternal effects analysis (RR = 1.54, 95% CI: 1.26, 1.88; P-value = 2.9 × 10 − 5 ). Sub-phenotype analyses yielded results that were not materially different, as did analyses excluding families with known BRCA1/2 mutations (Supplementary Tables 5-8 and Supplementary Figures 5-8) . 
Four mitochondrial SNPs were associated with disease risk at Po0.05, but the smallest FDR value was 0.46 (Supplementary Table 9 and Supplementary Figure 9) .
DISCUSSION
In this family-based GWAS, three of the 602 188 SNPs (rs28373882: T4C, rs879162:T4C, and rs12606061:C4T) were associated with young-onset breast cancer after correction for multiple testing by means of a FDR. Analyses of subtype-specific families did not reveal any additional risk variants, with the exception of rs4784227:C4T (TOX3), which was associated with young-onset breast cancer after excluding families that self-identified as carrying a BRCA1 or BRCA2 mutation. Although they did not meet our cut-point for genome-wide significance, RBFOX1 and some of the other top-ranked regions from the maternal effects analysis may also be worthy of further investigation, especially as this is first GWAS to assess maternally mediated genetic effects.
None of the three loci identified in the main results has previously been linked to breast cancer or any other diseases, nor have any other nearby, correlated SNPs (within 500 000 base pairs and r 2 ≥ 0.5). 26, 27 rs28373882:T4C and rs879162:T4C, are intergenic (chromosomes 4q and 16p, respectively) and rs12606061:C4T is located in an intron of CCDC178, a gene of unknown function. The SNP in TOX3 (rs4784227:C4T) that was ranked fourth in the main analysis and second in the analysis that excluded the known BRCA-positive families, is a known susceptibility locus first identified in a breast cancer GWAS by Long et al. 28 It has since been replicated in investigations among women of many ethnicities. [29] [30] [31] [32] [33] Presence of the variant allele (T) increases the chromatin's affinity for FOXA1, 34 a pioneer factor that can bind to chromatin and recruit the ER, thereby facilitating estrogen-driven transcription and cellular changes. 35 The other highly ranked TOX3 SNP, rs3803662:G4A, was also originally identified in a GWAS study 36 and the association was successfully replicated. [37] [38] [39] [40] The top two ranked SNPs from the maternal effects analysis, rs12919267:C4T and rs12926526:A4G, are in RBFOX1, which encodes the FOX1 RNA-binding protein. The identified SNPs have no known associations with breast cancer or with the prenatal environment specifically. Of the variants in or near VEGFC, both rs11131764:T4C and rs4557213:A4G were associated with bladder cancer risk in one case-control study, 41 but there are no known links to pregnancy or pregnancy-related conditions. More generally, the gene is thought to have an important role in breast cancer metastasis. 42 We used log-likelihood-based methods to maximize power for our family-based design. These methods are not vulnerable to bias from population stratification and do not require an assumption of HardyWeinberg equilibrium. Imputation via the expectation-maximization algorithm enhanced our sample size by enabling inclusion of incompletely genotyped families. However, because there were differences in missing data frequencies by race, and inadequate numbers in the minority populations to permit ethnicity-specific stratified estimation of parental mating type parameters, we had to focus the analysis on the largest ethnic subgroup.
The families studied in the Two Sister Study are self-selected, which could lead to bias. Although we only considered sisters diagnosed within 4 years of their study enrollment, some of those who were originally identified as being eligible for inclusion may have died before we could enroll them. Others may have been too ill to participate, or deemed too ill to participate by the unaffected sister responsible for recruiting them. In addition, we found that a reported history of breast cancer in the mother was predictive of missing maternal genotype (OR = 1.75, 95% CI: 1.34, 2.28). This differential missingness could have produced some bias toward the null in the assessment of maternally mediated genetic effects.
It is well known that the Bonferroni correction is too conservative, especially when the tests are positively correlated, as occurs in a GWAS where neighboring SNPs are in LD with one another. 43 A FDR approach is generally less conservative than a Bonferroni cut-point and more consistent with recent guidelines described by Panagiotou et al., 44 who showed empirically that a high proportion of SNPs with P-values near 1 × 10 − 7 in initial GWAS are true positives. Certainly, further studies are needed to see if our results are replicable, especially given our somewhat limited sample size.
This was the third GWAS of young-onset breast cancer and the second largest. Kibriya et al. 10 failed to identify any SNPs of genomewide significance, but with only 60 cases, their power was poor. The study by Ahsan et al. 9 included a much larger sample size and identified 72 SNPs that reached genome-wide significance, but all of them were located in regions that had already been identified as being associated with breast cancer over broader age ranges, so no novel loci specific to young-onset were identified.
We identified three susceptibility loci for young-onset breast cancer that have not previously been linked to breast or other cancers. These variants and genetic regions are worthy of further investigation, but considering Kibrya et al., 10 Ahsan et al., 9 and our analysis, none of the three existing young-onset breast cancer GWAS has been able to establish that there are unique genetic risk factors for young-onset breast cancer. Although the family history-based evidence and heritability evidence suggest that young-onset breast cancer has a large genetic component, it is not possible to fully explain disease heritability via identification of specific susceptibility loci. Genetic variants with effect sizes so small as to be practically undetectable might account for a large portion of heritability. However, it remains an important goal to identify and catalog any variants with noteworthy effect on disease susceptibility, and additional studies are still warranted. Investigations with larger sample sizes or pooled, consortia-based analyses may be required to detect unique susceptibility loci for young-onset breast cancer. Other genetic mechanisms, such as epigenetics, imprinting, the microbiome, gene-gene, and gene-environment interactions should also be investigated.
